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The observation of cosmic sub-PeV gamma-rays from the Crab Nebula opens up the possibility
of testing cosmic ray photon transparency at the multi-hundred TeV scale. Assuming no deviation
from a source gamma-ray emission due to accelerated electron inverse-Compton scattering, higher
event energies can extend constraints on the effects of new physics; We consider oscillation between
gamma-rays and axions/dark photons, plus attenuation effects from gamma-ray absorption in the
case of dark photon dark matter. Combining the recent ASγ and HAWC sub-PeV data with earlier
MAGIC and HEGRA data, axion-like particles are most constrained in the 10−7 − 10−6 eV mass
range, where the coupling gaγ is constrained to be below 1.8×10−10 GeV−1. In comparison, gamma
ray flux attenuation due to oscillation with a dark photon leads to a very weak constraint on the
mixing parameter;  <∼ 0.2 for dark photon mass between 10−7 and 10−6 eV. Direct scattering from
dark photon dark matter limits  <∼ 0.01 for masses between 6 and 400 eV.
I. INTRODUCTION
Very high energy cosmic photons are crucial astrophys-
ical observational targets, as they can help us to both un-
derstand acceleration mechanisms at high energies and
identify cosmic ray sources via their directional infor-
mation. However, very high energy gamma rays above
100 TeV are rare occurrences due to both the scarcity of
nearby sources, and the attenuation effect of scattering
from the cosmic microwave background, reducing their
visibility from distant extra-galactic sources. Recently,
the highest sub-PeV gamma rays from the Crab Nebula
events were detected by the Tibet ASγ experiment [1].
The Crab Nebula is a well-known high energy gamma ray
source, arising possibly due to acceleration processes in
the magnetized wind created by the central pulsar. High
energy gamma rays in the TeV range originating there-
from have been measured by a number of experiments,
including HEGRA [2], MAGIC [3], HESS [4], etc. The
latest data from Tibet ASγ [1] and HAWC [5] increase
the observed gamma ray spectrum to energies above 100
TeV.
Besides astrophysical interests, the propagation of ex-
tremely high energy gamma rays can test photon interac-
tions from theories beyond the Standard Model (BSM).
Well-motivated scenarios include photon mixing into low-
mass bosonic states like axions [6] and dark photons [7, 8],
photon decay via Lorentz invariance violation [9, 10], etc.
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The Crab Nebula is a major Galactic source of high en-
ergy gamma rays, and the high energy scale of its gamma
ray spectrum is utilized for constraining Lorentz invari-
ance violation [11].
BSM processes often lead to an energy-dependent pho-
ton flux reduction that benefits from higher energy scales
of observed gamma rays. In this paper we study the at-
tenuation of gamma ray survival probability from three
new-physics processes induced by an axion-like pseu-
doscalar or a dark photon. In comparison with previ-
ous cosmic ray measurements, we demonstrate that the
newly observed high energy gamma ray data enhances
the constraints on photon interactions with these new
light bosons.
Originally proposed as a natural solution to the strong
CP problem [12–14], the QCD-axion has recently enjoyed
increasing enthusiasm as a non-thermal dark matter can-
didate [15, 16] within a well-motivated yet evasive param-
eter space: fulfilling the correct relic density requires the
axion mass to be around 10−5 eV and the decay con-
stant f ∼ 1012 GeV. In addition, generalized axion-like
particles (ALP) are light pseduscalars that carry a simi-
lar af FF˜ coupling to photons. ALPs are commonly pre-
dicted in grand unified and superstring theories but they
are not restricted to a particular mass range. The axion
and ALPs are being searched for by a number of exper-
iments (see [17] for a recent review). For high energy
cosmic gamma rays, ALPs can cause oscillation effects
in the presence of galactic magnetic fields, as explored
in recent studies on potential spectral distortions from
astrophysical gamma ray sources [18–44].
Dark photons AD [45, 46] are the gauge bosons of hid-
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2den sector U(1) gauge symmetries under which the Stan-
dard Model(SM) particles are not directly charged. The
dark photons may kinetically mix with the SM photon,
allowing normal matter to acquire a small coupling to the
mixed state. Such a mixing causes A−AD oscillation in
the wherecase the dark photon has nonzero mass, which
also enables cosmic photons to scatter off environmen-
tal dark photons [47], if in particular the dark photon
makes up the dark matter in our Universe. Both effects
attenuate energetic gamma rays over long propagation
distances. A number of studies have been worked on
this [48–51].
In the following Sections II - IV we briefly discuss ALP
and dark photon induced oscillation and scattering effects
on gamma rays. In Section V we analyze the compila-
tion of Tibet ASγ, HEGRA, MAGIC and HAWC data,
and give new physics limits by testing the attenuation
processes, and then finally conclude in Section VI.
II. PHOTON-ALP OSCILLATION
The ALP a couples to photon fields with the charac-
teristic coupling
Laγγ = − 1
4f
aF F˜ =
a
f
~E · ~B, (1)
where f relates to the axion decay constant fa by f
−1 =
cγα/(pifa), in which α = 1/137 is the fine structure con-
stant and cγ is a model dependent coefficient dependent
on the underlying theory, e.g. cγ = −0.97 and 0.36 in
KSVZ [52, 53] and DFSZ [54, 55] models, respectively.
For ALPs, here we focus on gaγγ ≡ f−1 as the sole ef-
fective parameter for phenomenological purposes. In the
presence of an external magnetic field B, Eq. (1) becomes
a mixing term [6] between the ALP and a photon that
allows for oscillation between the ALP and photon po-
larisations. Ignoring birefringence and Cotton-Mouton
effects, the simplified mixing matrix can be written as
M≈
 −ω2pl/2ω −ω2pl/2ω gaγγBT/2
gaγγBT/2 −m2a/2ω
 , (2)
where ω is the photon frequency and ωpl = 4piα/me is
the plasma frequency in the presence of free electrons.
The oscillation is then governed by the equation
(ω − i d
dx
+M)
 A⊥A‖
a
 = 0. (3)
The components A⊥(A‖) denote for photon polarisation
perpendicular (parallel) to the magnetic field’s projection
BT in the transverse plane of the photon propagation di-
rection. The conversion probability of initially unpolar-
ized photons into ALPs over a propagation distance L
is [25]
Pγ→a(Eγ) =
(
1 +
E2c
E2γ
)−1
sin2
(
gaγγBTL
2
√
1 +
E2c
E2γ
)
,
(4)
where an ALP mass dependent energy scale emerges,
Ec = |m2a − ω2pl|/2gaγγBT. For low-energy gamma rays
with Eγ < Ec, the oscillation amplitude is ∼ E2γ sup-
pressed; at higher energy Eγ ≥ Ec the oscillation am-
plitude becomes saturated. The oscillation period also
becomes less Eγ dependent as Eγ > Ec.
The galactic magnetic field consists of a random com-
ponent with small coherence scales and a large scale regu-
lar component. The impact of the former is subdominant
due to a short-length randomness that mostly leads to
self-cancellation of oscillation effects, and here we only
consider a regular Galactic B-field component as mod-
elled in Ref. [56]. The strength of BT is ∼1 µG along
the 2 kpc distance between the Crab Nebula and the
Earth. The Galactic free electron density is estimated to
0.1cm−3, leading to a typical energy scale
Ec ∼ 100 TeV ·
(
ma
µeV
)2(
gaγγ
10−10GeV−1
)−1
, (5)
at which the oscillation a↔ γ effect becomes manifest in
the energy spectrum. The reference gaγγ = 10
−10 GeV−1
is the typical scale of constraints from helioscope [57] and
cosmic ray searches. As we will show later in Sec. V, the
100+ TeV data from the Crab Nebula also probe gaγγ
to this level for ALPs heavier than previous gamma ray
data.
Including the oscillation effect, the observed gamma
ray flux is then
dφ
dEγ
= (1− Pγ→a) · fatt. · dφ
dEγ
∣∣∣∣
source
, (6)
where fatt. denotes for astrophysical flux attenuation due
to gamma ray scattering with the Galaxy’s dust and ra-
diation field. Since the Crab Nebula is relatively close to
the Earth, SM-induced effects on the visibility of O(102)
TeV gamma rays are marginal [58], and so we simply take
fatt. = 1 in the γ-DM scattering scenario.
III. PHOTON-DARK PHOTON OSCILLATION
In extensions of the SM featuring dark photons γ′ with
vector U(1) potential AµD, their interactions are intro-
duced via terms of the type
LSM⊗D = −eJSMµ AµD , (7)
where  is a dimensionless mixing parameter, and JSMµ
the SM’s electromagnetic current [59]. At energies above
that of the dark photon mass but below that of the corre-
sponding fermion mass, these operators can be integrated
3out to yield the familiar low-energy interactions
L ⊃ −1
4
FµνFµν − 
2
FµνF ′µν − 1
4
F ′µνF ′µν . (8)
To the lowest non-trivial order in α and  and in the ab-
sence of external electromagnetic fields, the correspond-
ing mixing matrix is
M≈
(
∆pl ∆pl
∆pl ∆D
)
, ∆pl = −
w2pl
2ω
, ∆D = −m
2
D
2ω
, (9)
where mD is the dark photon mass. The off-diagonal
mixing term is nonzero with the presence of charge den-
sity along the propagation path. For each polarisation
state photon/dark photon oscillation is then governed by
the equation
(ω − i d
dx
+M)
(
A
AD
)
= 0 . (10)
Solving these equations of motion we find a conversion
probability
Pγ→γ′ = 42
(
∆D
∆pl −∆D
)2
sin2
[
(∆pl −∆D)x
2
]
, (11)
which results in the oscillation length
Losc =
4piω
m2D
' 8
( ω
100 TeV
)(µeV
mD
)2
kpc . (12)
By analogy to the axion case discussed in the previ-
ous section, upon the inclusion of oscillation effects the
observed gamma ray flux is then
dφ
dEγ
= (1− Pγ→γ′) · fatt. · dφ
dEγ
∣∣∣∣
source
. (13)
IV. DARK PHOTON SCATTERING
Owing to their mixing with ordinary photons, if the
dark photon is massive the scattering process γγ′ →
e+e− kinematically opens up for gamma rays above the
energy threshold
Eγ > Eth =
2m2e
mD
, (14)
and 102 TeV gamma rays reach this threshold for mD
down to 10−3 eV scale. At the leading order the cosmic
ray photon can scatter from the two transversely polar-
ized dark photon modes due to a coupling to electron
via mixing with the QED photon. The corresponding
Feynman diagrams are shown in Fig. 1. The resulting
scattering cross-section is
σ =
8pi2α2
3(s−m2D)3
[
−β(s2 + 4sm2e +m4D) (15)
+ (s2 + 4sm2e +m
4
D − 4m2Dm2e − 8m4e) ln
(
1 + β
1− β
)]
,
γ′ e−
e+γ
γ′ e−
e+γ
FIG. 1. Photon attenuation diagrams for γ − γ′ scattering.
where β =
√
1− 4m2es , α is the fine structure constant,
me the electron mass and s = 2EγMD is the usual Man-
delstam variable. Eq. (16) reduces to photon-photon
scattering cross-section up to a factor 22/3 whenmD = 0
due to the absence of the longitudinal mode of the pho-
ton.
If the dark photon makes up the major component of
the cold dark matter in our Universe the corresponding
mean free path of photon propagation is
λ(Eγ) =
1
nDσ
, (16)
where the dark photon density nD = ρDM/mD fol-
lows from that of the Galactic dark matter distribution,
ρ = 0.3 GeV cm−3. This being the case we can follow
Eq. (13) and calculate the resulting modification of the
Crab Nebula gamma ray spectrum via extra scattering
attenuation
fatt. → fSMatt. · e−L/λ(Eγ), (17)
where L is the distance from Earth to the Crab Nebula.
V. FITS TO GAMMA RAYS
To constrain oscillation effects we consider a combi-
nation of the recent 100+ TeV gamma ray data from
Tibet ASγ [1] and HAWC [5], together with previous
measurements from HEGRA [2] and MAGIC [3]. The
observed gamma ray spectrum is consistent with an ex-
pected Inverse-Compton (IC) emission spectrum from ac-
celerated electrons inside the magnetized nebula. The
shape of such an IC-dominated spectrum is proposed to
follow a ‘parabola’ parametrization [60]
dφIC
dE
= φ0
(
E
E0
)α+β log10(E/E0)
, (18)
where the best-fit to ASγ, HEGRA, MAGIC and HAWC
data gives α =-2.57, β =-0.17. This best-fit parameters
are obtained by minimizing the χ2 function of joint fit
χ2 =
∑
α
∑
i
(Φthi − fα · Φα,i)2
(fα · δΦα,i)2 +
∑
α
(fα − 1)2
(δfα)2
, (19)
where the subscript α denotes for different experimen-
tal data set, and i for the ith spectral bin in each set.
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FIG. 2. Background-only fit (solid) and the best-fit with
ALP effects (dashed) to Tibet ASγ [1], HAWC [5], HEGRA [2]
and MAGIC [3] data. The energy scale factor f is allowed to
float for each data set and its best-fit value is listed. Both the
IC background (Eq. (18)) and ALP-case achieve good fits with
χ2 = 42.3/42 and χ2 = 35.6/38, respectively. The ALP best-
fit is found to be slightly better than background, although
they agree to within 1σ.
Φ is the integrated flux Endφ/dE in each bin (see Ap-
pendix B for detail), where the raised energy-power index
n matches experimental data formats. fα is an energy
scale uncertainty that accounts for the significant un-
certainty in photon energy reconstruction in air shower
measurements, which causes the flux spectrum to effec-
tively shift in energy (and magnitude if n 6= 1). Such
rescaling is typically in the 10-20% range and it is of-
ten necessary for the consistency between experiments.
The fit with the IC spectrum gives the best scaling fac-
tors, as shown in Fig. IV. In our analysis we adopt
δf = 0.15 for HEGRA [2], 0.15 for MAGIC, 0.12 for
Tibet ASγ and 0.14 for HAWC. We restrict the variation
of fα to be within the range of energy scaling uncertainty
|∆fα| ≤ δfα.
The fits with axion and dark photon effects are per-
formed after incorporating the photon flux suppression
given in Eqs. (6), (13) and (17). For ALP-induced os-
cillation, a best fit point is obtained at gaγ = 1.58 ×
10−11 GeV−1,ma = 1.26 × 10−7 eV with the minimal
χ2min = 35.6, giving a slight improvement over the
background-only fit due to fluctuations in the measured
energy spectra.
The fitting process marginalizes over the background
IC spectral parameters {φ0, E0, α, β} and experimental
energy scaling factors {fα}, to obtain the minimal χ2
for each point in the ALP (gaγγ ,ma) and dark photon
(κ,mγ′) parameter spaces. The statistical significance of
the χ2 variation with ALP and A′ parameters needs spe-
cial treatment due to the highly oscillatory dependence
of the spectral deviation on these parameters. Follow-
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FIG. 3. ALP coupling and mass limits from fitting to Tibet
ASγ, HAWC, HEGRA and MAGIC data. The filled contours
show 95% C.L. exclusion regions with the total χ2= 53.4. The
best fit point χ2min=35.6 is marked by an asterisk. The CAST
limit [57] is shown for comparison.
ing the statistical prescription for nonlinear dependence
in Ref. [41], we compare likelihood distribution and find
the oscillatory dependence on gaγ and ma is equivalent
to 3.6 effective degrees of freedom, which corresponds to
a 95% C.L. increment ∆χ2 ∼ 8.8.
Interestingly, due to very low global χ2min value, even
with a ∆χ2 = 8.8 increment, a χ2 = 44.4 is only slightly
worse (at 78% C.L.) than 1σ consistency for a χ2 dis-
tribution with 38 effective degrees of freedom, and this
is still a very acceptable global fit. Therefore, we use a
more conservative criterion that requires the total χ2 to
be below 53.4 for 95% consistency with all the data. The
resulting exclusion contours on the (gaγγ ,ma) plane are
shown in Fig. 3. For 95% exclusion around an ALP mass
10−7 − 10−6 eV, the gamma ray data give a limit of gaγ
below 2× 10−10 GeV−1, which is close to the latest solar
axion constraint from CAST [57].
The 95% C.L. exclusion limit for photon - dark photon
oscillation is shown in Fig. 4. Due to a similar oscilla-
tory dependence as in the ALP case, we also estimate
4.6 effective degrees of freedom for the χ2 dependence on
the dark photon mixing and mass parameters {,mD}.
The 95% C.L. exclusion limit is also placed at χ2 = 52.2.
Compared to the threshold-enhancement oscillation am-
plitude in the ALP case, the oscillation amplitude for
dark photons is relatively enhanced for ∆pl ∼ ∆D. How-
ever, a very large mixing parameter  would be necessary
for any spectral alteration to be comparable to experi-
mental uncertainty. The best 95% C.L.  ≤ 0.2 sensitiv-
ity is obtained for mD = 10
−7 − 10−6 eV.
In comparison, γ-ray scattering on dark photon dark
matter is relevant at a higher mD range near the e
+e−
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FIG. 4. The 95% C.L. exclusion region for oscillation be-
tween gamma-ray and dark photon from fitting to Tibet ASγ,
HAWC, HEGRA and MAGIC data. The contour denotes χ2=
52.2 with 37 degrees of freedom. The best fit χ2min=35.6 is
marked by the asterisk point.
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FIG. 5. The 95% C.L. exclusion region for gamma-ray scat-
tering on dark photon as dark matter, from fitting to Tibet
ASγ, HAWC, HEGRA and MAGIC data.
threshold. Spectral attenuation due to scattering is non-
oscillatory, and the 95% C.L.limit in Fig. 5 corresponds to
a total χ2 = 55.8. The best exclusion of  > 0.01 occurs
at mD ∼ 100 eV. These dark photon  limits are much
higher than the typically small mixing required for AD to
decouple as dark matter, and significantly less stringent
than other dark photon constraints [61].
Note the HESS experiment also observes high energy
gamma rays from the Crab Nebula [4], and the resulting
spectrum is well fit by the IC background. However, the
very low χ2 from HESS data is an overfit to the IC back-
ground model, and inclusion of this data set in the com-
bined fit would lead to a less stringent constraint on new
physics. Therefore, we do not include HESS in Fig. 3.
For comparisons, we list the ALP fitting result to indi-
vidual data set, and the result after including HESS data,
in Appendix B.
VI. CONCLUSION
We have studied potential gamma ray spectral distor-
tions induced by ALPs and dark photons in light of the
recent measurement of photons above 100 TeV from the
Tibet ASγ and HAWC experiments. The newly mea-
sured higher energy gamma ray events from the Crab
Nebula allow us to extend beyond the sensitivity of pre-
vious studies to a higher ALP mass range. Assuming
an astrophysical background spectrum from accelerated
electron inverse Compton occurring scattering inside the
Crab Nebula, we performed analyses on the data con-
sistency with the IC background, including oscillation
and attenuation effects from the photon interactions with
axion-like particles and dark photons.
The Tibet ASγ, HAWC data and previous HESS,
MAGIC and HEGRA data are in very good consistency
with a single parabola IC background, at the cost of shift-
ing the energy scale of each experiment in a range com-
parable to their reported energy uncertainties. All of
Tibet ASγ’s highest energy gamma ray events are from
the Crab Nebula. The relatively close distance to the
Earth makes the oscillation effects less significant com-
pared to signals from farther away sources, but the higher
energies involved can probe into the higher ALP mass
range of 10−7 − 10−6 eV. For a mass region centred at
2 − 6 × 10−7 eV, the ALP-photon effective coupling is
excluded to 1.8 × 10−10 GeV−1. These limits may im-
prove with future accumulation of extremely high energy
gamma ray data, or 100+ TeV measurements from other
identifiable sources at significant distances.
We also studied the effect of high energy gamma ray
oscillations into dark photons, and the flux attenuation
from scattering on massive dark photons in the form of
cold dark matter. Due to kinetic mixing, the propagat-
ing modes in γ − γ′ mixing require a U(1)EM breaking
medium to develop an effective mass, which leads to rela-
tively suppressed photon - dark photon oscillation effects
due to the limited free charge density in the Galactic
medium. An  ∼ 0.2 mixing is needed to yield signifi-
cant modification on the observed gamma ray data for
dark photon masses mD > 10
−7 eV. Assuming the dark
photon constitutes all the dark matter in our Universe,
inclusion of the flux attenuation due to scattering on dark
photons also leads to  ∼ 0.01 for mD ∼ 100 eV. Both are
subdominant to the existing laboratory and cosmological
bounds.
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Appendix A: Flux binning & scaling
The energy uncertainty of terrestrial cosmic ray exper-
iments is generally non-negligible thus the smearing on
the observed energy needs to be incorporated. The en-
ergy resolution of ASγ ranges from 20% to 40%[1] and
we adopt 30% for this analysis. Similarly, the energy
resolution for HEGRA, MAGIC and HAWC is taken as
δ =10% [2], 16% [3] and 23% [5] of the detected energy.
The observed spectrum is then convoluted with a nor-
mally distributed energy around the ‘true’ energy from
the incoming spectrum.
For a detector measuring a photon in one energy bin
ranging from E0 to E0 + ∆E, the expected flux is
∆φ =
∫ E0+∆E
E0
dE
∫ ∞
0
A(E′, E)
dφ
dE′
dE′ (A1)
where E and E′ are the observed and ‘true’ cosmic en-
ergies, A is a window function that takes account for E′
being observed at E with a normally distributed prob-
ability of with energy uncertainty δ · E, and dφdE′ is the
incoming differential energy flux. After integrating over
the energy bin the expected flux is,
∆φ =
∫ ∞
0
A˜(E′, E0,∆E)
dφ
dE′
dE′, (A2)
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FIG. 6. Similar to Fig. 3, ALP oscillation limits with all five
data sets. The total χ2min = 57.9 at the best-fit point (asterisk
mark).
where the integrated A˜(E′, E0, E0 + ∆E) takes the form
A˜ =
1
2
[
erf
(
E0 + ∆E − E′√
2δ · E′
)
− erf
(
E0 − E′√
2δ · E′
)]
,
(A3)
where ‘erf’ is the usual Gaussian error function. After
spectral smearing, we still need to consider an overall
spectral shift due to the experimental energy scaling un-
certainty, E → f · E. The flux in an f−shifted energy
bin is
∆φ =
∫ ∞
0
A˜(E′, f · E0, f ·∆E)fn · dφ
dE′
dE′. (A4)
Often the experimental data are given in the form of
binned flux multiplied by En. Without assumptions on
the incoming spectrum, shifted experimental data are
treated as En dφdE → fn−1 · En dφdE , maintaining the same
event counts in the (shifted) energy bin.
Appendix B: Comparisons with HESS data
Here we list the IC background fitting result to indi-
vidual experiments, and also the axion-oscillated fitting
results after including HAWC data into the joint analysis.
Table I shows the data’s background consistency with
the best fitting results to Inverse Compton spectrum in
Eq. 18. The reduced χ2 values from ASγ and HESS fits
are significantly less than one, indicating their combina-
tion with other data sets may loosen constraints on spec-
tral distortions. As the new ASγ data above 100 TeV
are necessary for testing axions at higher mass ranges,
we only include ASγ in Section V. The five-set joint re-
8Data χ2min d.o.f. φ0 E0 α β
Tibet ASγ [1] 1.7 6 3.19×10−13 6.28 -2.53 -0.33
HEGRA [2] 13.6 12 1.58 ×10−12 3.02 -2.65 -0.11
MAGIC [3] 6.6 7 9.96×10−13 3.79 -2.80 -0.25
HESS [4] 14.8 28 2.04×10−13 6.44 -2.79 -4.06×10−3
HAWC [5] 6.6 5 1.01×10−11 1.77 -2.52 -0.17
TABLE I. Inverse-Compton spectrum fits to each experiment.
φ0 and E0 take unit of TeV cm
2s−1 and TeV.
sult with HESS included is shown in Fig. 6, where the
95% exclusion region moves slightly to larger gaγ .
